Introduction (a) Introduction to the work
The primary aims of this paper are twofold. First, the work aims to provide fresh insight into early twentiethcentury engineering solutions, by using modern analytical techniques to examine, compare and contrast the behaviour of the two transporter bridges at Middlesbrough and Newport, exploring the merits of each structure, and evaluating their effectiveness as economic, technical and practical solutions. Second, since the two transporter bridges at Middlesbrough and Newport comprise open-truss structures exposed to strong winds, this paper also aims to demonstrate the practical application of current blockage theory, recently developed for space-frame oil platforms exposed to waves and ocean currents [1] , to the wider assessment of environmental loads on historic structures. It is shown that applying current blockage models can lead to wind loads considerably smaller than predicted using standard methods.
(b) Background to transporter bridges
Hildred [2] describes a transporter bridge as 'a structure which carries a suspended or aerial ferry. This ferry is held above the water at road level, from a high-level beam (or 'boom') set clear of the tallest ships'. Essentially, a transporter bridge forms an aerial railway supporting a single suspended wagon, with rail tracks fixed to the underside of the boom, which is elevated above the river, typically in the region of 50 m above the water surface. A wheeled traveller runs along these rails, from which the gondola (the 'wagon') is suspended, and this gondola carries people and vehicles across the river. The traveller is drawn across the river from tower to tower by winding cables at boom level, driven originally by a steam winch but now replaced by an electric motor on the bridges still in operation. Figure 1 provides a side view of a typical transporter bridge with key technical terms.
Such structures were first developed at the end of the nineteenth century as a solution to the problem of how to provide a river crossing without hindering the passage of shipping traffic (then tall-masted sailing ships), and where conventional solutions, such as tunnels, high-level road bridges with long sloping approaches, ferries or swing bridges, would have been prohibitively expensive or inconvenient.
Approximately 20 transporter bridges were constructed around the world during the late nineteenth and early twentieth centuries (https://en.wikipedia.org/wiki/Transporter_bridge), yet only a few remain operational today, two of which can be found in the British port towns of Middlesbrough, Teesside and Newport, South Wales. The designs differ fundamentally, as can be seen from the general views of both bridges in figure 2 . The bridge at Newport, designed by Ferdinand Arnodin and Robert Haynes and opened in 1906, can effectively be described as a suspension bridge with cable stays. By contrast, the bridge at Middlesbrough, designed by Georges Camille Imbault and opened in 1911, is of a double cantilever truss type. Perhaps surprisingly, Imbault also appears in the story of the Newport bridge as the resident engineer, employed by Arnodin to build a bridge of the standard Arnodin design. Imbault is now little-known as a structural engineer but he had a distinguished career in both Britain and France, working on the Newcastle Tyne Bridge, and the Victoria Falls Bridge and other bridges in Africa. He also worked as a consulting engineer with Ralph Freeman on the detailed design of the iconic Sydney Harbour Bridge in the 1920s. His contribution was considerable as his name appears on the commemoration plaque on this bridge along with those of Ralph Freeman and John Bradfield, the Chief Engineer of the Sydney Harbour Bridge and Metropolitan Railway Construction.
The suspension form of the Newport transporter bridge, opened in 1906, is similar to the first ever transporter bridge-the Vizcaya Bridge, opened in 1893 at Portugalete in northern Spain (this bridge is now a UNESCO world heritage site). The Newport bridge is visually almost identical to the Rochefort-Martrou Bridge on the west coast of France opened in 1900, though the span at Newport is 50 m wider. Although Alberto de Palacio is credited as the designer of the Vizcaya Bridge, he was helped by the French engineer Arnodin, who should be regarded as the inventor of practical transporter bridges-receiving a patent in 1887 (https://en.wikipedia. org/wiki/Ferdinand_Arnodin). Nine of the 18 known examples of transporter bridges may be attributed to Arnodin, but only three of them are still standing (Vizcaya, Rochefort and Newport) (see https://en.wikipedia.org/wiki/Transporter_bridge) and only one of these is in France. In contrast to the relatively widely used suspension bridge arrangement from Arnodin, shown in figure 3 , the cantilever truss geometry of the Middlesbrough Bridge is a unique design.
Method of analysis
With the aid of modern computational techniques, the structural performance of the two bridges is compared and contrasted by investigating their behaviour under various loading conditions, determining their resistance to failure and suggesting possible improvements to each design. It was decided at an early stage of this work that the structural behaviour of the two transporter bridges should be investigated by creating a computational model of each in SAP2000 [3] , a modern finite-element software package which could be used to conduct a static nonlinear analysis of the structures using a variety of dead, live and wind loads. In SAP2000, the steel frame sections and cables which form the bridge superstructure are represented as one-dimensional beam elements, with each being assigned geometric crosssectional properties, manually reproduced from the real structures using source material such as blueprints, photographs and original hand calculations (figure 4). Joints are represented as nodes and were assigned bending moment releases at each end or not in order to model pinned or fixed connections as appropriate. Details of the structural modelling for both bridges are given in the electronic supplementary material for this paper. The analysis of the models sought to reproduce the various load combinations to which the real bridges are subjected as accurately as possible. The completed finite-element models of both bridges are shown in figure 5 . Each model was first analysed under its self-weight alone, assuming calm environmental conditions, followed by the addition of a static 'live' load in the centre of each span comprising the weight of the gondola and maximum allowable surcharge from passengers and cars.
In attempting to reproduce wind loading conditions as close as possible to those experienced by the real bridges, current blockage theory, primarily used in the analysis and design of offshore structures, has been adapted for use in this analysis. Current blockage theory [1] accounts for modifications to an upstream flow field caused by the presence of a downstream array of obstructions, such as the bridge structures. We will find that, by idealizing the wind as a steady flow (a current), the inclusion of blockage effects in the analysis produces nearly a 50% reduction in the wind load on each bridge model. Further details on the theory of current blockage, along with its application to the two transporter bridges, are provided in the next section.
In the first of two wind load cases, the wind load for each bridge was applied to each model without the gondola present, since gondola operations on the real bridges are not permitted above a given wind speed. Then, the gondola is parked at one end of the bridge. The second case applied the maximum wind load for which gondola operations are still permitted, along with the live load from the gondola and surcharge (maximum cargo of vehicles, passengers, etc.). In both cases, the wind load was applied in a direction perpendicular to the span, in accordance with assumptions about the critical direction first made by the original design engineers. We have performed static load calculations, making no allowance for additional dynamic loads under this serviceability condition (such as might arise from oscillations of the gondola), neither have we accounted for the assumed wind speed values being 3 s gust values rather than mean values.
It should be noted that we have no quantitative information as to any of the loads estimated by the original designers for the bridges. However, structural engineers of the time were well aware of the importance of extreme winds on bridges following the Tay Bridge disaster in 1879, so both Arnodin and Imbault will have included wind loads. Here, what we define by a 'design load' is our best estimate using modern, readily available sources of information.
In addition to examining the deformation of both models under load, it was judged that when evaluating the efficiency of each bridge design, an estimation of how close each structure was to failure would be a useful measure. Once the finite-element analysis had been run, data for the computed axial force and bending moments in each member were therefore exported from SAP2000. From these data, the maximum normal stress in each member was calculated using elastic theory and then compared to the critical stress for three principal failure modesyielding of frame sections in tension, Perry-Robertson-type buckling behaviour of frame sections in compression (using the imperfection or Perry factor from BS5950), and by breaking of the cables. By examining the critical failure mode for each structure, the corresponding factor of safety (FoS) and the expected location of the first failure, direct comparison between the strength of both bridges was therefore possible.
The analysis undertaken in SAP2000 followed the program manuals and best practice guidance for the treatment of tension-only elements such as cables, so a static geometrically nonlinear analysis was run. As a post-processing step, the peak stress within each member was then simply factored up to provide an FoS against local element failure. No attempt was made to investigate the possibility of local load shedding from failing members into the rest of the structure, possibly allowing higher total loads to be carried before global collapse though with damage to the structure. As a consequence, our FoS estimates probably represent minimum values for the main members, though we stress that no assessment was made of the strength of the structural joints.
(a) Calculation of wind pressure distribution
We do not know what wind speeds were originally considered in the design of either bridge, nor do we know how the designers converted the ambient wind speed to the resultant forces acting on each structural element (or the structure as a whole). Without access to this information and given that the primary purpose of this work is to compare and contrast the behaviour of each structure under representative loading, an alternative, code-based approach is adopted. While many design codes are available, in this work, we adopted the American code ASCE 7-02 [4] , primarily because SAP2000 provides an automatic computation of wind loads on open frame structures according to this design code. The dynamic pressure of the wind acting on an open structure can be specified, in SI units, as
where V is the 3 s gust speed expected to be exceeded once every 50 years at 10 m above open level ground (specified in metres per second), and K z , K zt , K d and I are dimensionless correction factors which must be estimated from the design code and entered into the wind loading form in SAP2000. Relevant wind speed data for the UK can be found in one of the older (now superseded) British Standards for structural wind loading, CP3 [5] , from which the basic wind speed V is estimated to be 43.5 m s −1 at Newport and 45.5 m s −1 at Middlesbrough, each with a 1 in 50-year return period. The values obtained are similar because both bridges are over river estuaries and close to the open sea. Hence, both locations are exposed to relatively strong winds. Both transporter bridges are also very tall with the booms approximately 50 m above the river, so exposed to winds high above the water. A more recent (but also superseded) standard is BS 6399, which gives more detailed information on wind speed as a function of the return period, but here we have simply used the 50-year values from CP3 in our wind loading estimates.
To put wind speeds of 43.5 and 45.5 m s −1 into context, the Humber Bridge, the longest suspension bridge in Britain, was designed to withstand a wind speed of 105 mph (48 m s −1 ) at bridge deck level approximately 30 m above the water and 150 mph (67 m s −1 ) at the top of the towers at a height of 156 m (https://11022750be1380humberbridge.wordpress.com/structure/. See https://en.wikipedia.org/wiki/Humber_Bridge). Opened in 1981, the Humber Bridge is much longer and is constructed at a slightly more exposed coastal site, so we might expect comparable but slightly higher extreme wind speeds there. The standard CP3 [5] recommends the use of the 1 in 50-year value for design; however, it also provides some information for other return periods. Increasing the wind estimates for the transporter bridges to bracket the Humber Bridge deck value raises the associated return period from 50 to 200 years. Further statistical analysis of extreme winds and dynamic structural analysis to account for the 3 s gust value, of particular relevance for the Newport Bridge, would be warranted but is not attempted here.
Returning to the transporter bridges, in the second wind load case, when the analysis is extended to include the gondola and live load, reduced wind loads are adopted in recognition of the fact that, in practice, bridge operations are ceased if the wind speed exceeds a much lower level. When modelling the full combination of dead, live and wind load on the structures, the maximum operational wind speed is therefore used instead, given as 50 kph (13.9 m s −1 ) for Newport [6] and 64 kph (17.8 m s −1 ) for Middlesbrough (Glover B. 2007. A history of the Middlesbrough Transporter Bridge. Unpublished reference notes). Being specified by the bridge operators, we do not know how these speeds were chosen. However, there are two obvious limits to using the gondola. The first is that under high winds, the gondola would sway and might collide with the structure at the docking points. The other is that the lateral loading from the gondola will eventually cause problems with the traveller mechanism. The wind speed correction factors are determined according to the guidance of ASCE 7-02 (table 1). The wind velocity pressure exposure coefficient, K z , varies with height and is computed automatically by SAP2000 if the exposure category of the structure is specified. Examination of the upstream and downstream obstructions to both bridges at the time of construction suggests they fall into category B, which includes 'urban and suburban areas, wooded areas or other terrains with numerous closely spaced obstructions having the size of single-family dwellings or larger' [4] . In this context, it should be noted that in the early twentieth century, when both transporter bridges were constructed, there would have been wharves on both sides of the rivers at both locations, and these wharves would have had tall-masted sailing ships tied up alongside. At Middlesbrough, there were warehouses, factories and shipyards along the river as well. All of these would have provided 'numerous closely spaced obstacles' when the bridges were built. The area around each bridge had become derelict over the years but has been now been cleared. The now open nature of both sites can be seen in figure 2, but the wind speed correction factors were estimated based on the 'numerous closely spaced obstacles' assumed present in the vicinity when each bridge first opened. Interestingly, just upstream of the Middlesbrough bridge on the northern side of the river is the site of an old shipyard which is now a modern factory constructing offshore wind turbine caissons.
Effect of current blockage
When a series of structural elements are placed in a steady current, they cause local divergence of the flow field (figure 6). The result is a reduction in the upstream velocity of the flow, which in turn decreases the force exerted on the structure by the fluid [1, 7] . This phenomenon, known as a current blockage in offshore engineering, is dependent on the geometry of the structure in question but can lead to a large reduction in the environmental load compared to that expected as the sum of the flows on each structural element in isolation without accounting for any flow interaction between the obstacles.
Research into current blockage is relatively recent, and it is very doubtful that the engineers behind the transporter bridges at Newport and Middlesbrough would have been aware of the effect. However, given the open-truss nature of both structures and their exposure to the wind, approximated in this instance as a steady current, the omission of blockage calculations may have led the designers to overestimate significantly the force acting on the bridges, and thus produce inherently conservative designs. (a) Overview of current blockage theory Analysis of current blockage involves the extension of actuator disc theory, traditionally used to assess the performance of propellers [8] , to a more generalized problem. A grid of obstacles (labelled 1 . . . i . . . N) placed in a uniform fluid flow may be replaced by a porous actuator disc, which produces the same net bulk disturbance to the flow but neglects any local effects in the vicinity of each obstacle [7] . Thus, the analysis concentrates on the global structure of the flow, incorporating the wake of the actuator disc. However, it ignores both local channelling of the flow between closely spaced obstacles and the individual obstacle wakes. This is reasonable because realistic space-frame structures are 3d, with a depth along the flow comparable to the array width across the flow. The width of the Newport boom is roughly twice the height of each vertical face, as can be seen from figure 3. The width-to-height ratio for the Middlesbrough bridge, obviously, changes as the height of the cantilevers varies with position along the span but is generally less than unity. Previous analysis [7, 9] has shown that obstacle arrays with such width/height values can be adequately treated as a single actuator disc as far as global fluid loads are concerned.
Through simple mass, momentum and energy considerations, it is possible to analyse the changes in the properties of the stream-tube shown in figure 6 as the flow encounters the porous disc. The disc is assumed to be located at the midplane of the obstacle array along the flow direction. The flow upstream is slowed by the presence of the disc, the stream-tube cross-sectional area expands, and the pressure rises. Across the disc, there is a pressure drop to below ambient due to the flow resistance, modelled as a Morison-type drag term quadratic in the local inline velocity. From immediately behind the disc to far downstream, the pressure recovers to ambient and the inline flow again slows. Half the total flow velocity reduction from far upstream to far downstream occurs upstream of the disc and half downstream. Full details of the analysis are given in [1, 7, 9] . The effective flow velocity through the actuator disc, u eff , is given by
where u ∞ is the undisturbed flow velocity upstream of the disc, C Di is the drag coefficient of each structural element, A i is the projected area of each structural element perpendicular to the flow, A T is the frontal area enclosed by the whole structure and k = u eff /u ∞ is a constant known as the 'blockage factor'. The sum over all the obstacles can be used to include all the drag properties of the structural elements from the front and rear faces of the structure and structural elements in between. We now review previously published comparisons of simulated and measured wind loads on obstacle arrays. Relevant experiments were performed by Georgiou and Vickery [10] . Up to seven grids formed of rectangular bars were positioned on a turntable in a steady flow. The total load exerted on the whole array is reported for uniform incident flow at various approach angles to the arrays. The experimental set-up and results are shown in figure 7 . The drag is reported as an equivalent drag coefficient which would have to be applied to a single grid ignoring blockage in order to achieve the measured loads. Hence, the equivalent drag coefficient for two grids at normally incident flow (0°) is approximately 2.2, whereas for seven grids, the drag coefficient is 5.2, considerably smaller than the 7.7 expected if the blockage is ignored. The analysis of these experiments was performed as follows. For each flow direction, the equivalent drag coefficient reported by Georgiou and Vickery for the two-grid case was used to estimate the actual drag coefficient to be used in the blockage equation. The other cases, with three to seven grids, were then calculated using the actuator disc model by factoring up the hydrodynamic resistance while accounting for the change in the frontal width of the array perpendicular to the flow approach direction. Simple actuator disc theory is used to reproduce the experimental results for three to seven grids and for all the various approach directions, and the results match quite well. With the skewed approach flow directions, there are some questions on how to define the position and frontal width of the arrays. We note that this is not an issue for the wind load calculations on the transporter bridges as normal incidence is the worst approach direction.
To avoid making ad hoc assumptions about effective grid widths in the actuator disc theory, as an alternative approach, the grids are also modelled in the open source OpenFOAM (www. openfoam.org) computational fluid dynamics code [9] . Again, the results from the two-grid tests are used to calibrate the fluid resistance of the grids. Rather than simulate flow around each individual bar within each grid, a 'broad-brush' approach is adopted. Each grid is represented as a distributed Morison-type stress field distributed over the enclosed volume of that grid and is embedded in the Navier-Stokes equations as a momentum sink. OpenFOAM has builtin options for both linear Darcy and quadratic Forchheimer resistance. For Morison drag, we use the Forchheimer form, again acting on the local flow velocity. The CFD results match those from Georgiou and Vickery's experiments very well and better than simple actuator disc theorypresumably because all geometric effects are explicitly included. The CFD results also allow the entire flowfield to be examined, as shown in figure 8 . Even for highly skewed grids, the net force on the whole array acts along the incident flow direction, because the distributed stresses cannot produce net circulation around the obstacles. Despite this, the wake structure is rather asymmetric immediately downstream of the last grid, as shown in the bottom right subplot. Details of OpenFOAM modelling for both steady and unsteady flows are given in [9] .
(c) Application of the blockage model to transporter bridges
Given the successful reproduction of the Georgiou and Vickery wind loading experiments on obstacle grids, the application of the offshore engineering 'current blockage' approach to wind loading on truss structures such as transporter bridges is clearly appropriate. We also note in passing that blockage of the mean current approaching a space-frame structure is incorporated in the offshore engineering standard, API RP2A [11] . When using a design code such as ASCE 7-02, blockage can be incorporated by simply replacing the incident wind speed, u ∞ , with the effective speed at the disc, u eff = ku ∞ . In ASCE terminology, where the incident wind speed is the 3 s gust speed, V, the effective speed at the disc becomes kV, and the dynamic wind pressure, corrected for blockage effects, is therefore given by For this study, each element of the transporter bridge structure is to be modelled as a single actuator disc in the downstream direction, and the above equation is therefore applied to the entire element, combining the front and rear faces and any structural elements inside. Thus, for the worst direction for the wind, along the river and normal to the front and rear faces of the boom and towers, all of the structural elements across the width of the structure must be included in the calculation of the hydrodynamic area, C Di A i . In order to evaluate the wind loading efficiently, both bridge models have been divided into sections (see the next section), and the overall blockage factor for each section estimated. For all beam, angle and flat plate or bar elements in the transporter bridges, we adopt a drag coefficient of C D = 2, and for elements such as cables with circular cross-section we take C D = 1. For sharp-edged obstacles in a steady flow, the flow separation points are fixed at the corners, so the value of the drag coefficient can be assumed constant. For obstacles with circular cross-section, the drag coefficient is affected by the surface roughness and Reynolds number. As in offshore engineering applications, we can assume that the cylinders are rough, the cables being constructed of twisted strands, and the Reynolds number will be high enough that a drag coefficient of unity is reasonable. Both drag coefficients match recommended values in offshore engineering applications for obstacles in high current [11] . We note that the blockage factors k can be similar for structures that look very different. Newport looks to be a lightweight structure, whereas Middlesbrough looks heavier. However, the blockage is a density of hydrodynamic loading effect, not just related to the frontal area of the obstacles, so visually different structures can produce comparable values for blockage.
It is important to note the limit of applicability of the one-disc model corresponding to k = 0.5, giving a 50% reduction in the effective velocity within the plane of the disc. The flow in the single actuator disc model obeys this simple symmetric condition, half of the velocity reduction from far upstream to far downstream occurs in front of the actuator disc and half downstream. This implies that the far wake would be stationary for k = 0.5 (so the flow velocity u wake within the stream-tube at the extreme right of figure 6 slows to zero and the cross-sectional area of the tube has to expand to infinity in order to satisfy mass continuity along the tube). Clearly, the hydrodynamic loading within the actuator disc is too large, so the simplest blockage model fails. In applications of the theory, whether to wind turbines or blockage flows, the bulk flow stalls if the hydrodynamic loading is too high.
Additional analysis shows that this problem can be avoided if multiple inline actuator discs are used [7] . Then, the approach inflow of successive downstream discs is reduced, and the total drag asymptotes to a constant value corresponding to the simple disc model with k = 0.5. However, the increased complexity of this additional analysis is not justified in the context of this study, so that for the relatively few very heavily loaded sections of the bridges that (just) violate the theoretical limiting condition of k < 0.5, the blockage factor is increased to 0.5.
We can provide two sets of estimates of overall blockage for each bridge. The 'global' value is determined by substituting the hydrodynamic frontal area of all the solid members and enclosed frontal area of the entire bridge into the k = u eff /u ∞ equation, whereas the 'local' value implies that this blockage factor is calculated for a series of individual sections over the structure. From inspection of the results (given in the electronic supplementary material), there is significantly more variation in 'local' values of blockage factors for the Middlesbrough bridge, and much less for Newport. Thus, we have used a single 'global' value for Newport and individual sectional values for Middlesbrough. However, we note that from the actuator disc models, the overall reduction in wind load is close to 50% in both cases, demonstrating the significance and approximate equivalence of blockage effects on the two transporter bridges.
Blockage factors for different sections of the Newport bridge are shown in table 2. Sections T1-T7 correspond to the seven bays running from bottom to top of the towers. Each bay is defined by the horizontal framing levels. The final entry B1 is a typical section of the boom, where the blockage can be assumed to be uniform all the way across the bridge. The locations of the different sections of the structure are shown in figure 9 . Full details of the structural geometry are B3  B4  B5  B6   T2   T3   T4   T5   T6   T7   T7  T6  T5  T4  T3  T2  T1  BG1   T8   T9 (a) ( b) provided in the electronic supplementary material for this paper, as are the equivalent results for the Middlesbrough bridge. The blockage factors for Newport after correcting for k < 0.5 range from 0.5 to 0.76, with a global value for the entire bridge as a single actuator disc of 0.68. Coincidently, the same overall factor applies to the Middlesbrough bridge. With the wind loading scaling as k 2 , the importance of accounting for blockage is obvious-the wind load accounting for blockage is 50% of the estimated load ignoring blockage.
Structural performance
Visually, the two bridges look very different. The Arnodin designed Newport bridge looks lightweight and the suspension bridge form is clear (figures 1 and 2) . We note though that the blockage factors k for each bridge are comparable, which is consistent as the blockage is a density of hydrodynamic loading effect, not just related to the frontal hydrodynamic area. At Newport, the weight of the boom is mostly supported by vertical hangers up to the suspension cables and then down the towers. The diagonal framing within the vertical sides of the boom are cables rather than steel section (figure 3) as, presumably, Arnodin was aiming to save weight. These cross braces exist only to spread the load from the transporter more widely across the suspension cables, which will reduce deflections. It is likely that only the tension braces will be active, and the compressive cables will just go slack. Figure 10 provides views upwards from below one of the towers for each bridge. The structure of the Newport bridge looks very sparse and there are no direct structural connections between the tower and the boom for the Newport bridge. By contrast, the Middlesbrough bridge looks to have substantially heavier triangulated framing and has vertical rather than inclined cables down to the ground at each end to support the boom. The weight of each cantilever truss is taken downwards directly through the towers through a large hinge or pivot visible at the top of the tower in figure 11 and the structure is balanced through the vertical cables embedded in the ground at each end of the bridge.
The analysis conducted in SAP2000 suggested that both bridges have adequate static strength within the trusses, although it is interesting to note that, in some cases, structural failure through buckling might be expected to occur before material failure in yield (table 3) . We note that each bridge may have extra structural capacity beyond that given in the table. This gives (minimum) FoS values corresponding to loads producing (any) yield in tension and bending members and damage in yield in combined bending and compression as estimated through application of the Perry-Robertson formula. The generalized imperfection or Perry factor was obtained from the steel design standard BS 5950 and pinned-pinned end restraint conditions were assumed, making the FoS values for buckling rather conservative. These estimates are based on factoring up local member loads and stresses to obtain local failure, so no account is taken of local loading shedding from softening (failing) members into the rest of the framing, as is used for the fully nonlinear push-over analysis of modern space-frame structures in offshore engineering [12] . Of course, load shedding is not possible for primary load bearing components such as the suspension cables for Newport or the vertical cables for Middlesbrough. Neither do we analyse the structural joints. A particular strength of the Middlesbrough bridge is its stiffness under lateral load, with relatively little horizontal deformation predicted to occur under lateral wind loading. By contrast, the lack of integration between the boom and towers in the Newport bridge, along with the relative slenderness of the towers, renders the structure considerably less stiff under lateral loading. As a result, the horizontal movement of the boom observed in the Newport bridge model is considerably higher than the Middlesbrough bridge model, by a factor of approximately 30 (figure 12), and the maximum wind load test is the most critical to the integrity of the structure (table 3) . Note the lowest FoS for the Newport bridge is under dead and maximum wind load, and this factor is perhaps lower than might be expected for a structure of this era. The substantial amount of damage found during refurbishment work in the 1990s, where the boom had actually fouled the towers [6] , is in accordance with predictions from the finite-element model shown in figure 12 . We note also that the extreme wind loading corresponds to a 1-in-50 years extreme 3 s gust, which is treated here as producing a static load. With such a flexible structure at Newport, further analysis based on the dynamic response of the structure against lateral load might be worthwhile, but this has not been attempted here.
Clearly, for both bridges, the dead load combined with the maximum wind load is an important load case with low values of the factors of safety. At Middlesbrough, buckling failure is predicted to occur first in the diagonals within the truss above the towers. For Newport, buckling becomes the primary failure mechanism, the numerical results suggesting that the heavy channel bracing joining the tower legs above the level of the boom would fail. However, it is known that Arnodin designed this heavy bracing with the intention of making it highly rigid under wind loading (as described in [6] ), so it seems likely that the end conditions are closer to fixed-fixed, giving a higher capacity.
Switching to the combination of dead load, reduced wind load and the live load from the gondola, yield becomes the primary risk for Newport, originating in the top rail of the upstream, stiffening girder of the boom. For Middlesbrough, yield first occurs in the top plane of the cantilever running out over the river. Buckling failure is first predicted in the heavy crosses either above or below the tower legs of both bridges, where the compressive stresses are particularly high. Both bridges have minimum safety factors of at least 1.6 for this load combination, which is more reassuring given that this combination represents circumstances in which the bridges would remain open to the public, and in which any structural failure would therefore present the greatest threat to human life. Further discussion of the structural performance of each bridge, with suggestions for further analysis, is given in the electronic supplementary material for this paper.
The flexibility inherent in the Newport bridge, however, does allow it to adapt well to vertical loading without excessive bending of the boom, a significant factor in ensuring reliable operation of the gondola. The model of the bridge at Middlesbrough, by comparison, showed much more noticeable vertical deformation and revealed almost a slope discontinuity at the centre of the span. These effects were pronounced even under self-weight alone, suggesting the design has lower stiffness than the Newport bridge under primarily vertical loading. The lower wind load test with the imposed live load of the gondola and surcharge was therefore found to be the critical load case for the Middlesbrough bridge. The large deformations observed in the model appear to be largely due to the relative lack of stiffness created by tapering each side of the boom down to a single point at mid-span (figure 13) where single depth structural beams alone provide structural continuity, a curious design decision. As a result, when the fully loaded gondola crosses the span, the centre of the boom is predicted to flex by up to 16 cm. It is therefore unsurprising that fractures were discovered during the late 1940s and 1970s in the continuous rails which carry the frame for the gondola across the span, necessitating 2 year-long periods of closure as discussed by Glover (Glover B. 2007 A History of the Middlesbrough Transporter Bridge. Unpublished reference notes. Printed privately by Middlesbrough County Council. Available from Middlesbrough Transporter Bridge Visitor Centre, Middlesbrough.). Despite this, it should be stressed that the structural beam elements forming the bottom chord are continuous and have behaved in a satisfactory manner over the years. In contrast to mid-span flexing for Middlesbrough, the Newport bridge deflects smoothly under the live load due to the gondola and its cargo. Exaggerated deflections of each bridge are shown in figure 14.
Why the Middlesbrough bridge was designed with a mid-span point of obvious flexibility is unclear to us. As resident engineer during the construction of the Newport bridge, Imbault would have been aware of the great flexibility and level of vibration inherent in Arnodin's design. By contrast, the Middlesbrough bridge can be viewed as two relatively stiff cantilever trusses meeting at a point above the middle of the river. Each truss is pivoted at the top of its tower and counterbalanced with the vertical cables at the onshore end. Once the bridge was erected and balanced, it would have been relatively simple to triangulate out the central gap, producing a simple long truss across the river and avoiding the flexing of the rails supporting the traveller at mid-span. Of course, triangulating out the gap at the centre would have produced compression in the members in the top chord which would have needed to be more substantial. An alternative would have been a short 'fill-in' section, as used at each mid-span in the Forth Rail Bridge. This could have been effectively simply supported on the ends of the two cantilever trusses, so distributing the mid-point bending over two rather than one 'hinge' points. This might have eliminated the problem of cracking of the rails supporting the traveller.
We can speculate on some of the issues faced by Imbault as he started to design the Middlesbrough bridge. It is at least possible that the use of vertical anchorage cables for the Middlesbrough bridge was forced on him by lack of space at the highly congested area around the southern end of the bridge. two large oil storage tanks positioned on the proposed centre-line of the bridge. As a result, the approach road onto the bridge has a very sharp dog-leg, with cars waiting to use the bridge queueing around the bend. The construction of the bridge as two essentially independent cantilever trusses would probably have required less time when the river was closed to ships during bridge construction as compared with Arnodin's standard cable-stayed suspension bridge form, as constructed at Newport, Rochefort and elsewhere. The boom of the Newport bridge was built in sections, each lifted vertically upwards from the river and then suspended from the main cables. By contrast, the design of the Middlesbrough bridge allowed it to be constructed outwards across the river from each tower. Avoiding blocking the river may have been a requirement from the local shipbuilders and owners, a powerful bloc in Middlesbrough in the early twentieth century.
The use of the truss structure also strongly differentiated the design for Middlesbrough from all of the previous Arnodin bridges, presumably attractive to Imbault who had moved on from Arnodin's employment to become the engineer to the Cleveland Bridge and Engineering Company and designer of the Middlesbrough bridge. The heavier truss also permitted the use of a more substantial traveller or gondola, the capacity being 500-600 passengers and six vehicles, roughly twice the capacity at Newport, and necessary given the number of workers crossing the Tees each day to the shipyards on the northern bank. The data from SAP2000 suggested that, although the FoS against the first failure was relatively low in certain load cases, most frame sections in both structures have significantly greater capacity than is required. Thus, re-sizing of the cross-sections of the members to provide weight reduction would be possible. However, in this paper, we are more interested in the performance of each structure in its as-built form. Also, we conclude from the large deformation of the Middlesbrough structure under live load that any such optimization would result in even more central deformation-so even if failure stresses are not reached, more bending of the rails supporting the traveller would lead to increased fatigue problems.
Other possible applications of current blockage to wind loads
Fixed truss-type oil platforms have been used since the 1940s for the production from offshore oil and gas fields. These range from minimal production platforms in shallow water up to the Bullwinkle structure in the Gulf of Mexico in over 400 m water depth. Santo and Taylor with others [1, 7, 9] have examined wave-current-structure interactions in detail, and the windstructure blockage interaction considered here is a simplification of that work.
All truss-type jackets are constructed in a yard, then loaded onto a large barge for transportation to site for subsequent installation on the seabed. The distance that such a barge is towed can be thousands of miles. During the tow, the barge and its load are susceptible to bad weather. Wind and waves from abeam are a significant problem as they might threaten the stability of the barge. Probably, present practice for the assessment of wind conditions for safe tow is unduly onerous as blockage effects for the truss in wind are not properly accounted for.
Moving to an onshore example of where blockage would be significant, the Tokyo Skytree is a recently built telecommunications transmission tower and tourist attraction in the Japanese capital. At present, the Skytree is the second tallest structure in the world, exceeded only by the Burj Khalifa tower in Dubai. It is designed against great earthquakes and typhoon-strength wind loads. The Skytree tower, with a height of 634 m, consists of a dense open truss structure with a central solid core, figure 15, so blockage effects on the truss would be large. Presumably, the design was model tested in a wind tunnel and, if so, current blockage-type load reductions on this important environmental load case would have been obvious.
Conclusion
The survival of the transporter bridges at Newport and Middlesbrough for more than 100 years is a tribute to the quality of the original design and construction of each. It can also be attributed to the considerable over-estimation in wind loading inherent if the force on each structural element is estimated as if the rest of the structure is absent. Perhaps 'current blockage' has saved the bridges from failure in extreme storms.
Analysis of the transporter bridges demonstrates that they differ considerably in their response to the various loads to which they are subjected. The bridge at Middlesbrough, for example, has far greater stiffness under horizontal wind loading but appears susceptible to mid-span deflections under gravity loading, while the design of the Newport bridge provides a more continuous deformation across the span under gravity loads but provides relatively little resistance to sway under horizontal wind loads. These differences are, largely, to be expected given the differing structural philosophies and form of the two bridges.
While acknowledging the many possible uncertainties in estimating the true FoS for each bridge, the intention of this work was to compare and contrast the behaviour of both bridges, and we suggest that the analysis has achieved this. The deflected shapes clearly demonstrate the action of each structure under different loading conditions. Using the factors of safety as a comparison between the bridges, rather than an absolute indication of their strength, is perhaps more useful. These results help us to understand, for example, which type of load each bridge is most efficient at resisting, and what the principal failure modes might be.
We have not attempted to perform a full analysis on either bridge to decide whether each is safe. Our crude estimates of the margins of safety for certain load cases are relatively low, even after the inclusion of current blockage effects for the wind loading, but both structures have survived for more than a century. This paper is really about showing how using the concept of blockage can lead to significant and justified reductions in predicted wind loads on truss-type structures using the transporter bridges as examples.
The transporter bridges at Newport and Middlesbrough served their purpose quite well immediately after construction, particularly at Middlesbrough where great numbers of workers in the shipyards on the north bank of the Tees would climb up and walk across the high boom going to and from work each day, some carrying bicycles! However, transporter bridges were soon unable to cope with the rapid growth of the number of motor vehicles, and were ultimately surpassed by newer engineering solutions taking the vast bulk of the road traffic over the rivers on newer but more orthodox bridges. Also, the type of vessels using the rivers changed, with tall-masted sailing ships being replaced by steam-driven freighters, so the requirement for such high clearance above the water was greatly reduced. One of the newer bridges across the Tees at Middlesbrough was constructed as a lifting bridge, but the necessary equipment was de-commissioned decades ago as no large ships now venture that far up the river.
Finally, the question of which structure might be termed the more successful design is difficult to answer, partly due to its subjective nature, and especially since the structural analysis of the models reveals strengths and weaknesses in both designs. In the wider context of how successful the bridges were as commercial ventures, however, the bridge at Middlesbrough might be considered the clear winner, since it generated a profit and it was generally the more reliable of the two bridges, whereas Newport made a continuous loss. On the other hand, appropriate credit should still be given to Ferdinand Arnodin, the joint chief engineer behind the Newport bridge, for his contribution to the field of structural engineering itself. Both structures are complex, but the degree of nonlinearity inherent in the stayed-suspension layout of the Newport bridge, in particular, required Arnodin to formulate his own linear approximations for the structure in order to make its design and analysis possible. The fact that he achieved this at the start of the twentieth century, creating a design of such complexity which still stands today, represents a significant innovation.
In recent years, both transporter bridges have become significant tourist attractions, and it is possible to climb up and walk along the boom of each-even to bungee jump off the Middlesbrough bridge on occasion. Climbing up the tower and walking across each bridge allows visitors to appreciate both the structural engineering and splendid views. These transporter bridges remain valuable technological and cultural assets.
Data accessibility. Structural specifications for both bridges are provided in the electronic supplementary material.
